Results: Among 11 subjects allergic to Lim-OOHs, 11 (100%), 7 (64%), and 3 (27%), respectively, reacted to the applied doses. No reactions were seen in 17 healthy controls exposed to the highest dose. This difference in reactivity was statistically significant (P < 0.0001). Among 13 subjects with doubtful patch test reactions to Lim-OOHs, two (15%) had positive ROAT reactions to the highest Lim-OOH dose applied (P = 0.36 as compared with controls). Experimental studies have established pure limonene as a prehapten 3 that can oxidize upon air exposure (autoxidation) to form sensitizing allergen-specific oxidation products. On the basis of the local lymph node assay in mice, the EC3 value for oxidized limonene is 10-fold lower than that for pure limonene, indicating a higher sensitizing potency. The main sensitizing haptens formed during autoxidation of limonene are hydroperoxides, including limonene-1-hydroperoxide and limonene-2-hydroperoxide, the former of which has been identified as the strongest sensitizer in oxidized limonene. 4, 5 Oxidized limonene 3% pet., with a stable and standardized content of the main allergenic hydroperoxides of limonene (Lim-OOHs) of product containing a contact allergen of interest. 15 The aim of the ROAT is to investigate whether allergic contact dermatitis can be elicited following twice-daily application for a period of 2 to 4 weeks. In an experimental setting, the ROAT can be used to elicit allergic contact dermatitis, under standardized conditions, in response to specified doses of a contact allergen in order to determine an elicitation threshold and dose-response relationship.
| INTRODUCTION
Limonene, a cyclic monoterpene, is the major constituent of peel oil from citrus fruit, and is extensively used as a fragrance chemical in scented household and cosmetic products for its fresh citrus odour. 1, 2 Experimental studies have established pure limonene as a prehapten 3 that can oxidize upon air exposure (autoxidation) to form sensitizing allergen-specific oxidation products. On the basis of the local lymph node assay in mice, the EC3 value for oxidized limonene is 10-fold lower than that for pure limonene, indicating a higher sensitizing potency. The main sensitizing haptens formed during autoxidation of limonene are hydroperoxides, including limonene-1-hydroperoxide and limonene-2-hydroperoxide, the former of which has been identified as the strongest sensitizer in oxidized limonene. 4, 5 Oxidized limonene 3% pet., with a stable and standardized content of the main allergenic hydroperoxides of limonene (Lim-OOHs) of 0.3%, has been commercially available as the patch test preparation "Hydroperoxides of Limonene 0.3% pet." from Chemotechnique Diagnostics (Vellinge, Sweden) since 2012. 6 High prevalences of contact allergy to Lim-OOHs 0.3% pet. have been reported in consecutive dermatitis patients referred for patch testing, both in an international multicentre study with 5.2% of patients positive overall, 7 and lately in patch test clinics across Europe with 2.5% to 5.3% positive reactions. [8] [9] [10] [11] In most of these investigations, a high proportion of weak positive as well as doubtful and/or irritant patch test reactions to Lim-OOHs 0.3% pet. have been reported, which has caused some concern about the nature and clinical relevance of positive reactions. 12, 13 The relevance of a positive or doubtful patch test reaction can be assessed with the repeated open application test (ROAT). 14 The ROAT is a standardized exposure test mimicking daily use of a (cosmetic)
product containing a contact allergen of interest. 15 The aim of the ROAT is to investigate whether allergic contact dermatitis can be elicited following twice-daily application for a period of 2 to 4 weeks. In an experimental setting, the ROAT can be used to elicit allergic contact dermatitis, under standardized conditions, in response to specified doses of a contact allergen in order to determine an elicitation threshold and dose-response relationship. 16 In the current study, we wanted to determine the clinical relevance, elicitation threshold and dose-response relationship of LimOOHs in individuals with either positive or doubtful patch test reactions to standard Lim-OOHs 0.3% pet. Accordingly, we performed a multicentre 3-week double-blind vehicle-controlled ROAT study with a simulated hydroalcoholic leave-on cosmetic product containing LimOOHs at three different concentrations.
| MATERIALS AND METHODS

| Test subjects
The study was conducted in accordance with the Declaration of Helsinki, 17 and was approved by the regional ethical committees in 
| ROAT procedure
In the ROAT, participants were exposed twice daily for up to 21 days to one (healthy controls) or three (allergic and doubtful allergic participants) concentrations of Lim-OOHs in the simulated fine fragrance, as well as a vehicle control. At the start of the ROAT and at weekly evaluations, participants were provided with 500 μL of each test solution , which is comparable to the expected daily exposure to hydroalcoholic products on unshaved skin. 22 Test solutions were applied in the centre of the test areas, distributed evenly with the side of the pipette tip, and allowed to dry by evaporation.
Participants could shower during the ROAT, but were not allowed to use scented products or wash the test areas directly. Placement of test areas on the forearms was randomized for each participant, and both participants and investigators were blinded to the individual contents of the colour-coded test solutions (separate blinding codes for allergic/doubtful allergic participants and healthy controls). Eppendorf tubes were weighed before and after being provided to the participants, to estimate compliance. 
| Statistical analyses
Data management and statistical analyses were performed with SAS ENTERPRISE GUIDE, version 7.1 (SAS Institute, Cary, North Carolina), and two-sided P values of < 0.05 were considered to be statistically significant. Graphs were created with GRAPHPAD PRISM version 7 (GraphPad Information Table S1 for additional details)
Software, La Jolla, California analyses, 24 and fitted four-parameter dose-response curves with constraints on minimum and maximum response frequencies were drawn.
| RESULTS
The baseline characteristics for allergic participants, doubtful allergic participants and healthy controls who proceeded to the ROAT are shown in Table 2 . The distribution of strength of reaction to the confirmatory patch test with Lim-OOHs 0.3% pet. in the 11 allergic participants was + in three (27.3%), ++ in seven (63.6%), and +++ in one (9.1%). Significantly more allergic participants than healthy controls had current eczema, all with only minor involvement, and significantly fewer allergic participants were exposed to fragranced products in daily life. Doubtful allergic participants were significantly more likely than healthy controls to have a history of atopic dermatitis.
The proportions of observed reactions to the applied patch test and ROAT solutions are summarized in conjunction with the selected exposures in Table 1 . All allergic and doubtful allergic participants reacting to the confirmatory patch test also reacted to the highest applied dose of Lim-OOHs in the patch test dilution series. Among allergic participants, three (27%) reacted continuously down to the lowest dose applied (0.65 μg of Lim-OOHs/cm 2 ), corresponding to a MEC in allergic participants of 0.0024%, which is equal to 24 ppm.
Among the doubtful allergic participants, one (7.7%) reacted to the second lowest applied patch test dose (1.9 μg of Lim-OOHs/cm 2 ), corresponding to a MEC of 0.0073% (73 ppm). No reactions were seen to the vehicle control.
In the ROAT, the 17 healthy controls were exposed to the highest dose of 3.0 μg of Lim-OOHs/cm 2 (1260 ppm), and none reacted.
Eleven (100%) allergic participants reacted to the highest dose, after a median of 7 days of exposure, which was significantly different from what was seen in the healthy controls (P < 0.0001). This included one allergic participant who showed a positive ROAT reaction to the highest applied dose 12 days after exposure had ended (see additional information in Supporting Information Table 1 116% to 125% in allergic participants, 112% to 116% in doubtful allergic participants, and 119% to 123% in healthy controls. As compared with healthy controls, no significant differences in compliance were observed for allergic or doubtful allergic participants (Supporting Information Table 2 ). respectively. These were formulated in ethanol/water to simulate exposure to a fine fragrance, with 100%, 64% and 27% of patients with positive patch test reactions to standard Lim-OOHs 0.3% pet.
developing allergic contact dermatitis at the sites of these exposures.
The selected concentrations and doses were chosen to simulate reallife daily exposure to limonene in a hydroalcoholic leave-on cosmetic product; however, quantitative assessment of exposure to Lim-OOHs in commercial fragranced consumer products containing limonene is challenging. 25 A recently published study using a method for selective analysis of hydroperoxides in perfumes investigated the content of limonene-2-hydroperoxide in 10 fine fragrances kept and used under normal conditions by consumers for 1 to 5 years after purchase. 26 In four of these fine fragrances, limonene-2-hydroperoxide was detected at concentrations up to 56 ppm, but the levels of the more sensitizing limonene-1-hydroperoxide were not determined. In the current study, In addition to repeated exposure in the ROAT in the current study, a serial dilution patch test was performed with concentrations of Lim-OOHs from 0.59% to 0.0024% (24 ppm). Among 11 patients with positive patch test reactions to standard Lim-OOHs 0.3% pet., 27% reacted continuously down to the lowest applied concentration, and hence showed a MEC of 24 ppm. This finding supports the evidence that sensitized individuals can react to even lower concentrations of Lim-OOHs than investigated in the ROAT. However, it is important to remember that the applied dose per area during patch testing is higher than that in the ROAT for a specific concentration of Lim-OOHs. Overall, the dose-response relationship in patients with contact allergy to Lim-OOHs 0.3% pet., following both single patch test exposure and repeated exposure in the ROAT, resembles that of other well-established fragrance contact allergens such as cinnamal, 35 isoeugenol, 36, 37 and hydroxyisohexyl-3-cyclohexene carboxaldehyde (Lyral). 23, 38 The results of the current study are also in accordance with a previous ROAT study on another oxidized fragrance terpene, namely oxidized linalool. Following repeated exposure of allergic subjects, with both a simulated fine fragrance and a simulated cream, the lowest concentration of linalool hydroperoxides that elicited a positive ROAT reaction was 560 ppm. 39 As previously established for these fragrance contact allergens, we showed that repeated exposure is important for the elicitation of allergic contact dermatitis when sensitized individuals are exposed to low doses of Lim-OOHs. It would have been desirable had we exposed allergic subjects to even lower concentrations of Lim-OOHs, both in the ROAT and in the dilution patch test, to provide an exposure estimate for a no-effect level with regard to elicitation of allergic contact dermatitis. As this is the first ROAT study to investigate an elicitation threshold for Lim-OOHs, we 
